The so-called Big Five mass extinctions of the Phanerozoic include two prominent Palaeozoic episodes: the end-Ordovician and end-Permian events, both with large biodiversity loss. We consider that the end-Ordovician (Hirnantian) extinction could be best compared to the Middle Permian end-Guadalupian (=Capitanian) extinction, rather than to the end-Permian (Permo-Triassic boundary; PTB) extinction. The endGuadalupian extinction, ca. 8 Myr before the PTB extinction, occurred as an independent episode under extremely unique global setting with the lowest sea level and lowest Sr isotopic ratios in seawater of the Phanerozoic. Multiple similarities exist between the end-Ordovician (Hirnantian) and the end-Guadalupian (Capitanian) events, such as the preferential elimination of sessile biota in the tropics, a global sea-level drop and secular changes in seawater C and Sr isotope ratios, occurring under global cooling. The limited development of land vegetation suggests that the Ordovician extinction was restricted solely to the marine realm, with no prominent damages on land, and no large igneous province (LIP) recognized in the Ordovician. The comparison indicates that the two extinctions of the Hirnantian and of the Capitanian have been essentially triggered by similar causes/processes; nonetheless, biotic responses were different, owing to the more oxygenated status of surface environments in the Permian after the mid-Palaeozoic terrestrialization. □ Atmospheric oxygen level, Capitanian, carbon isotope,
Major extinction events occurred multiple times in the Phanerozoic (Bambach 2006; Alroy 2010) including the 'Big Five' proposed by Sepkoski (1996) (Fig. 1 ). Both the end-Ordovician and the end-Permian extinctions were considered for many years as two abrupt and catastrophic events; however, more recent studies indicate that both extinctions were much more long ranging with multiple episodes. Worldwide stratigraphical and palaeontological data sets suggest the intimate connections with environmental changes of global scale for both extinctions; nonetheless, the ultimate triggers/causes of major biodiversity declines have not yet been fully identified. The end-Ordovician extinction culminated during the Hirnantian glaciation, but the diversity of marine invertebrates reached its highest values during the Katian (mid-Late Ordovician), and the decline of diversity started about 10-15 Myr before the Ordovician-Silurian boundary, as the glaciation intensified. Similarly, the decline of diversity of marine organisms in the Permian also started long before the PTB and the terminal extinction, with a first progressive extinction during the late Guadalupian (Capitanian), more than 8 Myr before the base of the Triassic. The end-Permian extinction is indeed composed of two independent extinction episodes; that is, the end-Guadalupian (Middle Permian) and the end-Lopingian (PTB sensu stricto) separated by ca. 8 Myr (Jin et al. 1994; Stanley & Yang 1994; Isozaki & Ota 2001 ). The two independent episodes require that the so-called end-Permian extinction sensu lato was triggered by at least two independent causes (e.g. Isozaki 2009b; Bond et al. 2010) .
The end-Lopingian (Changhsingian) event represents the largest extinction of the Phanerozoic as evaluated by all kinds of ranking methods (Sepkoski 1996; Bambach 2006; Alroy 2010; McGee et al. 2013) . The end-Ordovician and endGuadalupian extinctions have been traditionally ranked as the second and third largest, respectively, as supported in the recently revised quantitative estimate of ca. 81% and 70% species loss in marine invertebrates, respectively (Stanley 2016) . Although some recent re-analyses based on ecological parameters evaluated the latter two much lower (e.g. McGee et al. 2013) , the severe biodiversity losses during these two crises had a significant impact on the evolutionary trends of Palaeozoic animals.
An irreversible change on the Earth's surface environments occurred in the mid-Palaeozoic that was the significant development of on-land photosynthesis by the vascular plant during the Devonian and Carboniferous and the consequent emergence of new terrestrial landscapes (e.g. Algeo et al. 1995; Gibling & Davies 2012; Gerrienne et al. 2016 ; Fig. 1 ). The massive land forests/grasslands totally changed the status of river systems, on-land material transport and biota, which also affected geochemistry and biotic activity in oceans. This massive development of land vegetation divided the Phanerozoic virtually into two parts, that is pre-and post-terrestrialization world. Under the same extinction-related biospheric perturbations by similar forcing, the environments and biota probably responded in different ways before and after the mid-Palaeozoic green revolution on land.
In this regard, it is interesting to compare the two major mass extinctions, that is the end-Ordovician and end-Guadalupian, which occurred immediately before and immediately after the mid-Palaeozoic terrestrialization event (Fig. 1) . As pointed out clearly by Cascales-Miñana et al. (2016) , a remarkable extinction of land plants occurred only once during the end-Permian event; the land biota had not yet fully diversified before the Devonian. Particularly in the Ordovician with populations of only primitive tiny plants and associated animals (arthropods, etc.) , no remarkable damage occurred on land. The endOrdovician extinction was mostly restricted to oceans, and thus, the comparison with the end-Guadalupian event should be restricted to marine extinction.
Similarities
Here we list and check similarities between the two episodes, which may have recorded significant environmental changes at a global scale, in common, that is 1, extinction pattern; 2, global cooling; 3, high positive excursions in carbon isotope; 4, black shale deposition; 5, long-term Sr isotope trends in sea water; and 6, patterns of geomagnetic polarity change (Table 1, Fig. 2 ). Note that issues 1, 3 and 4 are related to biotic activity, whereas the other three are reliant on non-biological processes. 
Land terrestrialization
End-Ordovician extinction Palaeozoic Fig. 1 . Overall trend of marine biodiversity during the Phanerozoic with major mass-extinction events (modified after Servais et al. 2010) . Note the interval of land terrestrialization during the Devonian and Carboniferous, which divides the Phanerozoic into two parts, that is a pre-green world and of post-green one. The end-Ordovician and end-Guadalupian extinctions represent the last extinction before terrestrialization and the first after it, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
Extinction pattern
After the Great Ordovician Biodiversification Event (GOBE; e.g. Webby et al. 2004; Servais et al. 2009 Servais et al. , 2010 , various marine invertebrates went extinct during the Hirnantian, Late Ordovician (ca. 445.2-443.7 Ma). Brenchley (1984) first recognized two phases of extinction within the Hirnantian: the first at the beginning (more strictly speaking at the end of Katian) and the second in the middle. The first event removed the majority of pre-existing rugose/ tabulate corals, brachiopods, stromatoporoids, trilobites and also graptolites (e.g. Rong & Harper 1988; Brenchley et al. 2006; Harper et al. 2014) . Sessile benthos, in particular, non-to less locomotive/ swimming animals, were eliminated preferentially. An environmental deterioration restricted faunal distributions to low-latitude marine settings on the global scale (e.g. Berry & Boucot 1973; Brenchley 1984; Stanley 1988 ). In addition, planktonic graptolites were also hit strongly. The first extinction episode occurred at the onset of cooling and the second in turn at the onset of warming (e.g. Brenchley 1984; Sheehan 2001; Brenchley et al. 2003) . Nonetheless, the time gap (ca. 1 Myr) between the two episodes is too narrow to be compared with that between the distinct two Permian extinction episodes (ca. 8 Myr). More recently, the end-Ordovician extinction is considered to have been longer. A similar extinction occurred in the late Guadalupian (Capitanian; ca. 265.1-259.1 Ma), during which various marine invertebrate clades of similar bottom dwellers were preferentially eliminated (Jin et al. 1994) , including rugose corals, bryozoans, brachiopods and all large-test fusulines (Stanley & Yang 1994; Wang & Sugiyama 2000; Rong & Shen 2002; Powers & Bottjer 2009; Ota & Isozaki 2006; Fig. 2) . By the Capitanian extinction, various marine sessile benthonic groups with passive respiratory systems, that is, those with no gills, weak internal circulation and low metabolic rate, such as cnidarians, echinoderms and articulate brachiopods, were selectively eliminated (Knoll et al. 1996) , whereas free Korte et al. 2006; Isozaki et al. 2007; Saltzman et al. 2014; Kani et al. 2013; Pavlov et al. 2012; Kirschvink et al. 2015) . Note the remarkable similarities in the pattern of sea-level change (ca. 100 m drop), C isotope (positive excursion up to 6-7&) and Sr isotope (relatively low ratios), and their mutually coeval timing with extinction both in the end-Ordovician and end-Guadalupian. (Powers & Bottjer 2009 ). In addition, planktonic radiolarians belonging to Palaeozoic lineage suffered a major turnover. The similarity in extinction pattern suggests that such a physiological test is needed also for the Ordovician biota.
As for the Capitanian extinction, some researchers claimed a slow and long-term decline in biodiversity rather than a rapid extinction (Clapham et al. 2009 ); nonetheless, the total number of extinct taxa was large (Stanley 2016) , and the Capitanian extinction marks the first major decline after the long-lasting high biodiversity during the Carboniferous-Permian. The abrupt disappearance of Capitanian taxa is more clearly recorded in mid-oceanic, low-latitude palaeo-atoll limestones (Isozaki & Ota 2001; Ota & Isozaki 2006; Kasuya et al. 2012; Kofukuda et al. 2014) rather than shelf sequences along the continental margins. The extinction of the tropical trio (large-tested fusulines, rugose corals and large aberrant bivalves; Isozaki & Aljinovi c 2009) occurred not at the end of the Capitanian but sometime in the middle Capitanian, during which the depositional facies started to change towards shallowing. Immediately below the basal Wuchiapingian hiatus, a nearly 13-to 15-m-thick barren interval is present, which totally lacks large-tested Middle Permian fusulines (e.g. Yabeina, Lepidolina and Parafusulina) and also typical Wuchiapingian fusuline assemblages (Codonofusiella-Rechelina) but yields solely less diversified tiny fusulines (Sichotenella) with simple/ primitive tests (Ota & Isozaki 2006; Kofukuda et al. 2014) .
Both in the Hirnantian and Capitanian, low-latitude areas were invaded by relatively cold-water dwellers that replaced the pre-existing warm-water faunas (Brenchley 1984; Shen & Shi 2002;  Table 1 ); this suggests the appearance of cold climates with environmental destruction preferentially at higher latitudes. One of the major consequences of such shallow marine perturbations was the collapse of reef systems (Stanley 1988) . The latitudinal shrinkage of reefs is observed both in the Hirnantian and in the Late Permian immediately after the appearance of unique high-latitude reefs that characterize initial cold climate (e.g. Kiessling 2001) .
Another common aspect between the two extinctions is the end of gigantism. Regarding Ordovician marine life, what was unique is the appearance of giant marine invertebrates for the first time in the Phanerozoic, for example orthocerid cephalopods (up to 9 m long), stromatoporoids (up to 3 m long), trilobites (up to 70 cm long) and gastropods (up 25 cm in diameter) (e.g. Teichert & Kummel 1960; Rohr et al. 1992; Rudkin et al. 2003; Copper et al. 2013 ). All of them disappeared at the beginning of the Hirnantian, however, marking the first termination of gigantism in the Phanerozoic. Likewise, the Middle Permian is characterized also by the appearance/termination of extremely large molluscs (Isozaki & Aljinovi c 2009) , for example bivalves of over 1 m long (Yancey & Ozaki 1986 ) and gastropods of 25 cm in diameter (Hayasaka & Hayasaka 1953) . Particularly, interesting is the coeval gigantism in Guadalupian fusulines, as some of them reached ca. 20 cm in length despite their unicellularity (Bostwick & Nestell 1965) . These unique giants of molluscs and fusulines, together with the majority of rugose corals, disappeared during the Capitanian, highlighting another major episode of eliminating gigantism (Isozaki & Aljinovi c 2009) . Although these fossil groups belong to different lineages, they commonly performed symbiosis in order to adapt to uniquely warm-water environments.
In general, gigantism of marine organisms appeared long after the post-extinction appearance of new clades and the establishment of stable ecological infrastructures with constant availability of ample nutrients and/or oxygen (Vermeij 2016) . The end of gigantism thus can monitor the termination of long-lasting ecological stability with high productivity, probably by the appearance of certain environmental stress(es). Gigantism finished at the beginning of Hirnantian and also in mid-Capitanian but not at the end-Permian. Marine organisms responded similarly in the former two cases, suggesting similar causes and processes after the establishment of maximum biodiversity. In the Late Permian case, in contrast, it was probably too short (ca. 8 Myr) for organisms to return to gigantism immediately after the end-Guadalupian extinction, and thus, there was no show at the end-Lopingian.
The occurrence of an extremely short-lived Hirnantia fauna of cool-water facies is unique to the end-Ordovician extinction (e.g. Temple 1965; Rong & Harper 1988 ). The Hirnantian is a relatively short time interval, ca. 1.4 Myr in total; nonetheless, Late Ordovician biota suffered twice in a contrasting manner; first by cooling then by anoxia (e.g. Brenchley et al. 2006) . In contrast, immediately after the major extinction involving the end of gigantism, the upper Capitanian mid-oceanic reef limestone changed into a barren interval characterized by a unique assemblage composed solely of tiny and primitive fusulines of the genus Sichotenella, but lacking Reichelina and Codonofusiella (Ozawa & Nishiwaki 1992; Ota & Isozaki 2006) and by the development of algal/microbial mats (Ota & Isozaki 2006; Kasuya et al. 2012; Kofukuda et al. 2014) , which likely recorded a considerably harsh condition. As this fossil assemblage is distinct from the underlying and overlying ones, it may have recorded a short-term unique interim condition after the main Capitanian extinction. Owing to the hiatus across the Capitanian-Wuchiapingian boundary, however, the termination pattern of this unique assemblage is not clarified. Although it is not yet clear whether or not this mid-oceanic low-latitude assemblage is comparable to the Hirnantia fauna, and whether or not its disappearance can be called an extinction, this may imply that the essential environmental deterioration was common at least between the first Hirnantian and the mid-Capitanian extinctions, and more detailed analysis is needed particularly for the terminal Capitanian biotic turnover.
Global cooling
Besides the similarity in extinction patterns with the preferential elimination of particular clades (Table 1) , we can recognize a major resemblance but of non-biotic nature between the Hirnantian and Capitanian events, that is the significant cooling coupled with global sea-level drop (Fig. 2) .
The lines of evidence for cooling and relevant sealevel drop during the Hirnantian are listed as follows: (1) sequence stratigraphy (Haq & Schutter 2008; Fig. 2) ; (2) regional occurrence of glacial sediments, including tillite/dropstone, mostly in Gondwana (e.g. Brenchley et al. 1994; Ghienne 2003) ; and (3) isotope signature in seawater (Trotter et al. 2008) . On the basis of these, there was a solid consensus among researchers for the link between the global cooling and the first Hirnantian extinction; however, recent studies indicate that the cooling may have started not necessarily at the beginning of the Hirnantian but much earlier, probably already in the Middle Ordovician (Vandenbroucke et al. 2010; Finnegan et al. 2011; Nardin et al. 2011; Rasmussen et al. 2016) . Nevertheless, sea level dropped nearly 100 m in the Hirnantian (e.g. Haq & Schutter 2008) . Traditionally, the existence of a continental block (Gondwana) over the South Pole was required for the development of ice sheets.
In contrast, evidence for the Capitanian cooling has been less clearly recognized, as the Middle-Late Permian has long been regarded as a post-Gondwanan warming interval towards the warmer Mesozoic.
However, new pieces of information for the cooling are currently accumulating in addition to classic observations, as listed below, that is: (1) sequence stratigraphy highlighting the lowest sea level in the Phanerozoic (Haq & Schutter 2008; Fig. 2) ; (2) occurrences of glacial tillite/dropstone in high to mid-latitudes even in the latter half of the Permian (Fielding et al. 2008; Fujimoto et al. 2012) ; (3) midoceanic unconformity in low latitudes (Kofukuda et al. 2014) ; (4) isotope signature in seawater (Isozaki et al. 2007 (Isozaki et al. , 2011 Kani et al. 2013) ; and (5) high-frequency oscillations in cyclostratigraphy (Fang et al. 2017) .
The evidence for the late Capitanian global sealevel drop (for up to 100 m; Fig. 2 ) is robust. In many Permian sections in the world, a remarkable unconformity/hiatus occurs between Capitanian and overlying Wuchiapingian (Lower Lopingian) strata. This highlights that the global stratotype section and point (GSSP) at Penglaitan in South China preserves an exceptionally continuous sequence across the boundary (Jin et al. 2006) . The most convincing evidence for the global sea-level drop during the late Capitanian was observed in mid-oceanic, low-latitude palaeo-atoll limestones on a palaeo-seamount sequence where there is a mid-Capitanian facies change of gradually shallowing-up, which is capped by a sharp hiatus across the Capitanian-Wuchiapingian boundary (Kofukuda et al. 2014; Kirschvink et al. 2015) . In general, mid-oceanic realms are free from local tectonism and respond solely to eustatic changes and also to the steady/slow drowning by the cooling/thickening of oceanic lithosphere according to the Sclater's Law. The sharp erosion of reef limestone in low-latitude mid-ocean implies a large eustatic sea-level drop, in other words, the appearance of a global cooling.
A sea-level drop of nearly 100 m can be achieved solely by transferring vast seawater onto land in the form of ice. It is noteworthy that sea level was much higher in the Late Ordovician (ca. 60 m above the present-day level) than in the Middle Permian (ca. 80 m below the present-day level), even after the sea-level drop in the same magnitude (Fig. 2) . As to the claimed Permian glacial deposits, ambiguity remains in their age assignment; however, the Mongolian example (Fujimoto et al. 2012) can be best correlated to the Capitanian because the following Lopingian and Early Triassic ages are regarded as much warmer intervals. The cause of the cooling has not been identified and will be discussed later.
The biotic responses in the Hirnantian and Capitanian appear compliant with all these lines of evidence for cooling, in particular, the latitudinal contraction of faunal distributions towards tropics together with the preferential elimination of preexisting tropical fauna. Regardless of the second Hirnantian episode, the first decline in biodiversity in both cases occurred during global cooling. In general, a relative drop in seawater temperature, particularly in shallow seas, is critical for the metabolism of almost all contemporary marine organisms. The updated lines of evidence therefore confirmed the classic notion of a putative link between the global cooling and extinction (e.g. Stanley 1988) for both cases.
C carb isotope excursion
The Late Ordovician and Middle Permian recorded similar high positive isotopic excursions of inorganic carbon in seawater during the extinction-related interval, that is the HICE Event up to ca. 7 & for the Hirnantian (Brenchley et al. 1994; Ainsaar et al. 1999; ) and the Kamura Event up to 6 & for the Capitanian (Isozaki et al. 2007 (Isozaki et al. , 2011 Fig. 2) . Such high positive excursions, rare in the entire Phanerozoic (e.g. Veizer et al. 1999) , generally indicate high primary productivity in sea surface and/or efficient burial/removal of organic carbon from surface seawater (e.g. Saltzman & Thomas 2012) . To keep high positive values of inorganic carbon isotope ratios in surface seawater for certain duration, constant supply of essential nutrients is essential , for example by rapid oceanic circulation/accelerated upwelling of nutrient-rich deep seawaters and/or increased terrestrial run-off mostly from lowlands. These conditions are possible under cool/cold climate rather than warm one.
The end-Ordovician and end-Guadalupian extinctions occurred during these high positive excursions (Fig. 2) , suggesting a unique setting possibly under cool/cold climatic conditions. The direct connection between the claimed high productivity/ carbon burial and extinction is still not clear; however, it is noteworthy that the two extinction-relevant episodes share mutually similar patterns in the C isotope profiles. In contrast, the end of the high positive excursion probably corresponds to the onset of a transitional period from global cooling to warming, as typically recorded in the mid-Hirnantian sequences. This may imply that the Permian 'post-Kamura,' thus post-cooling, interval may have experienced a warming episode possibly associated with another biotic turnover. Owing to the significant sea-level drop, the topmost Capitanian is missing in most sections both on the continental shelf and mid-oceanic atolls. Owing to such extreme depletion, the second episode in biodiversity turnover (or a 'cryptic' second extinction) has been overlooked. It is noteworthy that a remarkably sharp facies change occurred across the CapitanianWuchiapingian boundary at the GSSP (Penglaitan), from a shallow marine carbonate-dominated Capitanian to a relatively deep-water chert-dominated Wuchiapingian (Jin et al. 2006 ), which appears consistent with the speculation above about global warming and a relevant second episode. The disappearance of the transient fauna of latest Capitanian may have occurred under a global warming trend across the Capitanian-Wuchiapingian boundary, and further check is needed for the latest Capitanian event from this new viewpoint; in particular for the timing of the lowest sea level (Haq & Schutter 2008; Fig. 2) in much higher resolution.
Anoxia/black shale
The deposition of black shale on continental margins characterizes both the end-Hirnantian and end-Guadalupian, particularly in association with extinctionrelated intervals. The Hirnantian black shale reported from various areas in the world (e.g. Brenchley 1984; Rong & Harper 1988) , and various geochemical proxies, suggests the development of anoxic conditions on the continental shelf. The geochemical analyses, in particular, C, S and N isotope stratigraphy (e.g. Bergstr€ om et al. 2008), confirmed that oxygen-depleted conditions had appeared in the Hirnantian, and further suggest that even euxinic conditions may have extended partly onto the Late Ordovician continental shelf (e.g. Hammarlund et al. 2012) . Nevertheless, it is significant that the deposition of black shale was not ubiquitous but more limited in extent.
The Permian thick shallow marine platform carbonates in South China occasionally are intercalated with a unique Capitanian black shale/chert unit with uniquely high TOC values (e.g. Kametaka et al. 2005; Saitoh et al. 2013; Shi et al. 2016) . Recent analyses on C, N and S isotopic proxies suggest the development of anoxic conditions on the extensive platform/slope settings in South China (e.g. Shen et al. 2011; Saitoh et al. 2013 Saitoh et al. , 2014 Saitoh et al. , 2017 . Saitoh et al. (2014) proposed that the oxygen minimum zone (OMZ) might have significantly expanded depth-wise, of which the upper surface with anoxic waters invaded/spread onto shallow shelf domains, with a sulphidic tongue in part along shelf margins. Nonetheless, some Capitanian sections lack such black shale, for example the Penglaitan section, suggesting that the Capitanian ocean was not totally anoxic but had mid-depth anoxia possibly with localized euxinia along continental margins. In short, the Hirnantian and Capitanian oceans commonly experienced anoxia, however, not in a full development throughout the world oceans but possibly in a local and limited extent.
For black shale deposition in general, a large flux of organic matter and slow seawater circulation are regarded as main controlling factors (e.g. Berry 2010). With a more sluggish circulation and with a higher productivity, the accumulation of black shale increases. As typically observed in the mid-Cretaceous and in PTB strata, significantly long-term oceanic anoxia occurred on a global scale during a global warming regime (e.g. Jenkyns 1980; Isozaki 1997) . In contrast, during the Hirnantian and Capitanian, black shale was deposited to a limited extent during cool/cold climate; therefore, a unique environmental setting is needed to explain such locally-condensed but globally sporadic deposition of organic material.
Sr isotope minimum
Totally independent of biological activity, two more similarities can be recognized between the Ordovician and Permian in the form of long-term changes in the supracrustal domain and the interior of the Earth, that is a secular change in the Sr isotope ratio of seawater and stability of geomagnetism.
The Middle-Late Ordovician and Early-Middle Permian experienced a significant decrease in the seawater Sr isotope ratios (McArthur et al. 2012; Fig. 2 ), which indicates a lesser flux from eroded continental crust with respect to the flux from midoceanic ridges. The minimum values of Sr ratios are recorded at ca. 0.7080 in the Katian-Hirnantian for the Ordovician (e.g. Saltzman et al. 2014) , and at ca. 0.7068 in the Capitanian for the Permian (e.g. Korte et al. 2005; Kani et al. 2013) . Immediately after these minimum intervals, the Sr ratios increased remarkably in both cases, which mark the two exceptionally rapid excursions in the Phanerozoic (McArthur et al. 2012) . In general, relatively low values in Sr isotope ratios are expected to occur during high sea levels when continental crusts are extensively drowned with suppressed high-Sr flux; however, in both cases, the minimum value occurred during the intervals of extremely low sea level. Previous researchers struggled to explain this discrepancy and often blamed temporary tectonic episodes for the cause (e.g. Saltzman et al. 2014) ; nonetheless, active tectonics/orogeny is always in operation somewhere in the world as long as plates keep moving, and the effects of regional tectonism remain locally not in global context.
At least during the Permian, the contribution from the hydrothermal activities along mid-oceanic ridges for lowering Sr ratios in seawater was probably minimal because the supercontinent Pangea existed then. The assembly of a supercontinent was achieved by the subduction/disappearance of multiple pre-existing intercontinental oceans with ridges; therefore, the formation of Pangea and its existence during the Permian excludes the possibility of enhanced ridge influence to seawater Sr signature. Also for the Ordovician, the semi-supercontinent Gondwana existed with some isolated blocks, such as Baltica and Laurentia. Likewise, the global midoceanic ridge activity was not at its maximum. To avoid ad hoc explanations, for example contemporary tectonics and/or orogeny, Kani et al. (2013) proposed that extensive development of ice sheets over vast continental crusts during the Capitanian sea level low, that is, glaciation, can drive such an extremely low Sr ratio of global seawater even under cool/cold climate. This explanation still needs further confirmation with other lines of evidence; nonetheless, it can be applied also to the Late Ordovician episode with relating low Sr ratios under cooler climate.
Geomagnetic reversal pattern
Another common aspect between the Ordovician and the Permian, which has been long overlooked, is the development of exceptionally long-term geomagnetic stability (Fig. 2) . During the Early-Middle Ordovician, an unusually stable interval with reversed polarity was identified first in Siberia, which was named the Moyero Superchron (Gallet & Pavlov 1996; Pavlov & Gallet 2005; Pavlov et al. 2012; Grappone et al. 2017) . This lasted for ca. 20 Myr, from the Tremadocian (Early Ordovician) to the Darriwilian (late Middle Ordovician). For the latest Carboniferous to Middle Permian, a similarly stable interval with reversed polarity, but for much longer, was identified first in East Australia, which was named the Kiaman Superchron (Irving & Parry 1963) . This lasted for ca. 50 Myr, from the Moscovian (Late Carboniferous) to the Wordian (Middle Guadalupian) (Steiner 2006; Isozaki 2009a; Kirschvink et al. 2015) .
The disappearance of these a geomagnetic episodes essentially recorded a modal change in convection of the planet's outer core, from a stable condition to an unstable one. It is noteworthy that these two superchrons represent extremely unique geomagnetic episodes during ca. 300 Myr of the Palaeozoic and that both occurred slightly before the major two extinction events and relevant global climate changes. In particular, both of the remarkable sea-level drops during the putative global cooling in the Hirnantian and Capitanian apparently occurred in the aftermath of these superchrons (Fig. 2) . Although possible mechanisms that can connect extinction with geomagnetic changes still need further exploration, these two examples imply potential links between geomagnetism and global climate, and also between global cooling and extraterrestrial forcing (Shaviv & Veizer 2003; Isozaki 2009b ).
Differences
In contrast to the many similarities, there are some differences between the two extinction-relevant episodes. Here we note and discuss two major aspects, that is: 1, landscape; and 2, magmatic activity. The former is directly related to biological phenomena, whereas the latter is totally non-biological in context.
Contrast between pre-green and post-green landscapes
The most prominent difference between the Ordovician and Permian worlds exists in their contrasting landscape, as pointed out by many authors (e.g. Gibling & Davies 2012). The cultivation of land indeed remained poorly developed during the Ordovician with a limited flora of tiny millimetre-to centimetre-sized bryophytic plants, whereas new landscapes with thick vegetation appeared during the Devonian-Carboniferous with high-rising trees of a lignophytic landscape of over 20 m in height (e.g. Gerrienne et al. 2016) . The more plants diversified/ increased their sizes on land to form forests, new terrestrial ecosystems developed with complex interactions among animals. Associated consequences of the development of land plant/forest include the following: (1) development of soil/shaping of river systems; (2) atmospheric O 2 increase/CO 2 decrease; and (3) complexities in ecological network/infrastructures etc.
The effect of plant roots on land had a great impact on soil development and associated oxidation of supracrustal rocks, for example creating a new carbon sink on land and an enhanced nutrient-link to oceans. The change in atmospheric composition was one of the natural consequences of expanded photosynthesis, in particular, by producing large amounts of biomass on land via forming tall trees in large populations. By the Permian, the terrestrial ecosystems became extremely complex with respect to those in the Ordovician, in particular, with the appearance of new terrestrial biotas in intimate communal relationships between plants and animals in the expanded ecospace on land.
The change in atmospheric composition was irreversible thus crucial for animals. On the basis of various geological lines of evidence and numerical modelling in analogy to modern systems, several researchers have attempted to reconstruct the atmospheric composition throughout the Phanerozoic (e.g. Berner 2006; Royer et al. 2014; Grappone et al. 2017 ; Fig. 3 ). Although varying in detail, these models show a similar trend. Atmospheric O 2 probably increased from values between 10 and 20% in the Ordovician to values of 25-30% in the Middle Permian, whereas the atmospheric CO 2 decreased significantly from over 2000 ppm in the Late Ordovician down to ca. 300 ppm during the Middle Permian, almost close to the present level (Royer et al. 2014) .
After the extensive development of land forests, new types of animals appeared with more effective respiratory systems adapted to the high-oxygen atmosphere, culminating in the Carboniferous-Permian gigantic dragonfly (Dudley 1998) . In other words, animals too adapted to an O 2 -rich world, and were vulnerable to abrupt changes, in particular, the temporary occurrence of O 2 depletion, as manifested in global anoxia. The response of marine animals to anoxia was probably different during the two periods; we assume that the Ordovician animals were probably more tolerant to O 2 depletion than Permian ones. This needs to be tested from a physiological viewpoint for fossil animals under the temporary anoxic conditions during the Hirnantian and Capitanian shallow marine environments.
Volcanism/superplume
In terms of magmatic activity, the Ordovician Period represents a relatively quiet time, whereas the Permian corresponds to a relatively active one. As long as plate tectonics operate in association with oceanic subduction, arc-related volcanism never ceases. On the other hand, non-steady-state activity of mantle plume can generate alternative volcanism to make a LIP (large igneous province) episodically. Some researchers emphasize the profound impact of the latter to global environmental conditions and also to mass extinction, on the basis of apparent fit in timings between LIPs and major extinctions (e.g. Courtillot 1999; Saunders et al. 2005; Wignall et al. 2009; Bond et al. 2010) . In addition, several authors (e.g. Courtillot 1999 ) postulated a cyclicity related to extinction events, but it has been demonstrated that many of the periodicities claimed in such analyses are not statistically significant (Erlykin et al. 2017) .
Frequently discussed examples include the Siberian Traps (basalt) with apparently coeval age to the PTB extinction, the peri-Atlantic LIPs of CAMP (Central Atlantic Magmatic Province) with similar age to the end-Triassic extinction, and the Deccan Traps to the end-Cretaceous (K-Pg boundary) extinction; nonetheless, the solid link between the volcanism per se and extinction mechanisms has not been fully explained.
As to the Capitanian extinction, the Emeishan Traps volcanism in South China is proposed for a possible cause (e.g. Wignall et al. 2009; Bond et al. 2010) ; however, its size is significantly small with respect to the major LIPs. The main eruption of the Emeishan Traps occurred in a short time of 259.6-257.6 Ma immediately after the Capitanian-Wuchiapingian boundary (e.g. Shellnutt 2014; Zhong et al. 2014) therefore could not cause the mid-Capitanian cooling and relevant extinction; instead, it could drive global warming and relevant biotic episodes in the earliest Wuchiapingian after the boundary. This could retard the post-extinction recovery of biota but would not cause the end-Capitanian biotic event. For a cause of the mid-Capitanian cooling and extinction, a Capitanian basalt lava in Yunnan, South China, was claimed as a precursory eruption of the Emeishan Traps (Wignall et al. 2009 ); however, its size is far too small to drive global perturbation with a major extinction.
For the Ordovician event, a cryptic LIP formation was suggested, even without finding solid evidence for real LIP rocks of equivalent ages. Barnes (2004) postulated an Ordovician superplume event that might have occurred during the Middle to Late Ordovician, speculating a large impact on the Ordovician biodiversification and the climatic upheaval during the Late Ordovician by the emplacement of a low-latitude continental basaltic province with increased atmospheric CO 2 . Lefebvre et al. (2010) used a hypothetical modelling approach to demonstrate with a numerical box model that such a scenario may explain both the mid-Ashgill (Katian) global warming event, known as the Boda Event (Fortey & Cocks 2005) , and the subsequent Late Ordovician (Hirnantian) glaciation. More recently, the concentration of the element Hg was claimed as evidence for a putative Late Ordovician superplume (Jones et al. 2017) ; however, there is no directly observed superplume-related rock including basaltic traps.
A prominent signature of magmatism is recorded in the Late-Ordovician volcanic ash beds found in shelf carbonates in Baltica and Laurentia, for example the Kinnekulle, Deikie and Millbrig K-bentonite beds (e.g. Huff et al. 2010; Bauert et al. 2014) , that have been often used for intercontinental correlation. As some outcrops of these tuff beds attain several metres in thickness, large-scale magmatism was Fig. 3 . Secular change in the Phanerozoic atmospheric pO 2 and pCO 2 (Berner 2006; Royer et al. 2014) , and the timing of two compared extinction events with respect to the mid-Palaeozoic terrestrialization of continents. Although the two major extinctions occurred during global cooling, the atmospheric compositions were significantly different between the Ordovician and Permian, before and after the major terrestrialization of the continents, respectively (Fig. 1) . The Ordovician pCO 2 (over 2000 ppm) was one order of magnitude higher than that of the Permian (ca. 300 ppm), whereas the Permian pO 2 (ca. 25-30%) was greater than that of the Ordovician (16-18%). [Colour figure can be viewed at wileyonlinelibrary.com] imagined in analogy with LIPs; nonetheless, this is not the case. These volcanic rocks are as follows: 1, not mafic but felsic in composition with abundant zircon crystals that are also common in granitic rocks but extremely rare in basalts; and 2, accumulated thickness of volcanic material is fairly minor with respect to major LIP volcanics with thickness over some kilometres. Thus, the tuff beds are regarded to have derived from ordinary subductionrelated arc magmatism rather than episodic plumerelated ones. These steady-state geological processes could not cause unusually episodic biospheric perturbations at the end of Ordovician. Normally, the generation of LIPs is explained as a consequence of large-scale upwelling of a mantle plume, often called superplume. The origin of superplumes is still under debate; nonetheless, what is inevitable is the coeval sinking of an equivalent mass (super-downwell) into the deeper mantle to keep the mass balance of the planet's mantle. A superdownwell has relatively lower temperatures thus higher density with respect to the surrounding mantle, which is in fact composed of subducted oceanic plates (slabs) that once existed between continental blocks until their collision. Therefore, beneath collided continents, subducted oceanic slabs consequently accumulate to form a 'slab graveyard' particularly during the formation of supercontinents from multiple continental blocks, such as Pangea (e.g. Maruyama et al. 2007 ). Because of the enlarged slab graveyard beneath Pangea at the bottom of mantle, plume activity was much accelerated in the Permian to cause the upwelling of a superplume with LIP emplacement (Isozaki 2009b) . As for the Ordovician, in contrast, it is unlikely that an equivalent superplume occurred because no supercontinent nor associated slab graveyard was assembled during the Ordovician. Gondwana formed considerably before the Ordovician.
Discussion/Conclusions
The present study compares the end-Ordovician and the end-Guadalupian events, to highlight mutual similarities and differences between the last and the first major extinctions before and after the irreversible terrestrialization during the Devonian and Carboniferous (Fig. 1) . In summary, multiple similarities exist between the two extinctions and relevant events of global scale, such as the pattern of eliminating marine biota, sea-level drop, seawater isotope trends, redox change and geomagnetism (Table 1) . It is noteworthy that these unique phenomena occurred within a short time interval, close to the extinction intervals for both the end-Ordovician and the end-Guadalupian, in particular, with almost the synchronous appearance of sea-level low, high positive C isotope excursion and low Sr isotope values slightly after the end of superchron (Fig. 2) . These essentially suggest the operation of common processes on the planet's surface during the two intervals, probably including the causal mechanism for major extinctions in close association with global cooling. The sequence stratigraphical analyses suggest the large-scale transfer of water from the ocean to land quantitatively corresponding to ca. 100 m sea-level drop for both cases (Fig. 2) .
As to the cooling, a conventional and thus popular explanation of the lowering atmospheric CO 2 cannot work equally for the two cases, as the level of atmospheric CO 2 was significantly different between the Late Ordovician and Guadalupian, by nearly one order of magnitude (Fig. 3) . Under such totally different atmospheric conditions, it seems difficult to re-produce a sea-level drop of the same magnitude (Fig. 2) simply by decreasing the atmospheric CO 2 in similarly short time intervals.
Volcanic eruptions cannot cause long-lasting cooling because volcanic dust descends relatively quickly, not long enough for blocking the solar irradiance. The putative mantle superplume/LIP-related volcanism appears unlikely particularly for the Ordovician case, as mentioned above. The ultimate cause of cooling is still unknown; we need an alternative explanation for a trigger.
On the other hand, remarkable differences between the two events exist in atmospheric O 2 (Fig. 3) and the relevant redox state of the oceans after irreversible environmental changes (Table 1) following terrestrialization with extensive oxidation of the planet's surface (Fig. 1) . The responses of marine animals, particularly to anoxia, were probably different during the two intervals of pre-and post-green landscapes. Ordovician marine animals were probably more tolerant to O 2 depletion, whereas Permian ones were less tolerant under more oxidized settings, even in temporary oxygen depletion of a similar magnitude. This comparison suggests the necessity of more comparative analysis on responses of marine biota, in particular, marine animals with high metabolisms to the significant redox changes in seawater.
Summarizing all above, we conclude that the two major extinctions at the end-Ordovician and endGuadalupian were likely triggered by a similar cause that has induced global cooling of the same magnitude. The biotic responses were different, however, owing to the changes in background conditions through time, in particular, the secular change in the atmospheric O 2 level and the evolutionary adaptations of animals.
The present comparative analysis of the two major extinctions further invites another interesting perspective for the possible double-stepped extinction during the Capitanian. A mutual similarity between the two episodes can be best recognized between the earliest Hirnantian and mid-Capitanian extinctions; both occurred during global cooling. In contrast, in the aftermath of the end-Ordovician glaciation and associated (the first) extinction, the second mid-Hirnantian event occurred during the warming interval. By assuming the same essential processes operating for global climate change and associated biodiversity changes, this may imply a possible occurrence of a second biotic episode (extinction) also in the Capitanian, particularly at the end of the Capitanian, after the Kamura cooling event. A further comparison with the Late Devonian mass extinction was not dealt with here, as the Devonian event occurred in the middle of a transient thus meta-stable terrestrialization interval. These remain issues to be solved in future investigation.
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